Chloroform: Hisayoshi IKATSU, et al. Center for Environmental Science and Technology, Okayama University-The toxic interaction between carbon tetrachloride (CCl 4 ) and chloroform (CHCl 3 ) was investigated in rats chronically pretreated with ethanol, and in rat liver microsomes. A combined exposure to 10 ppm CCl 4 and 50 ppm CHCl 3 increased plasma alanine aminotransferase (ALT) activity to a level similar to that by a single exposure to 50 ppm CCl 4 . The single exposure decreased liver reduced glutathione (GSH) and cytochrome P450 (CYP) content, and Nnitrosodimethylamine N-demethylase (NDMAD) activity. The effects of combined exposure, however, were little or less than those of the single exposure. Immunoblot analysis with monoclonal antibody to CYP2E1 indicated that CYP2E1 was appreciably decreased after the single exposure but the enzyme remained after the combined exposure. The antibody inhibited CCl 4 -induced lipid peroxidation in microsomes from ethanol-treated rats. Ethanol pretreatment increased the metabolic rate of CCl 4 and CCl 4 -induced lipid peroxidation, but the coexistence of CHCl 3 and other hydrocarbons such as trichloroethylene and 1,1,1-trichloroethane did not increase the in vitro metabolic rate or the lipid peroxidation. The addition of GSH decreased CCl 4 -induced lipid peroxidation, and the effect reached its maximum at 0.3 mM of GSH, so that the hepatotoxic interaction between CCl 4 and CHCl 3 at low dose exposure is more than additive when judged by the plasma ALT activity, but this is not true of the changes in drug-metabolizing enzyme activity and GSH depletion.
Industrial workers are exposed to not only single organic solvents but also to mixtures of them 1) , so that the importance of studying their joint toxicity is becoming increasingly recognized 2) . We reported that workers are often exposed to a mixture of CCl 4 and CHCl 3 when they are engaged in the treatment of chemical waste 3) . In addition, some reports indicate that homogeneous solvent products contain some solvents including CCl 4 , CHCl 3 , trichloroethylene (TRI) and 1,1,1-trichloroethane (TCE), suggesting that workers are exposed to a mixture of these solvents 4, 5) . Both CCl 4 and CHCl 3 are well-known hepatotoxic chemicals 6, 7) and are metabolically activated by hepatic microsomal cytochrome P450 (CYP) [8] [9] [10] [11] , but the mechanisms of hepatic damage are different: lipid peroxidation of the hepatocyte membrane is primarily involved in the development of CCl 4 hepatic damage 8, 9) , whereas covalent binding of a reactive intermediate, phosgene, to tissue macromolecules is mainly involved in CHCl 3 -induced hepatic damage 10, 11) . Despite this difference between the mechanisms of the two chemicals, the effect of their coadministration on the hepatotoxicity is greater than their additive effect in terms of ALT activity 12, 13) . Many studies, both in vivo and in vitro, have endeavored to elucidate the mechanism of hepatotoxic interaction between CCl 4 and CHCl 3 13-16) . The evaluation mainly resulted from the change in plasma transaminase activities, such as that of ALT, or histopathological findings, but not from the function of drug metabolizing enzymes.
Although TRI and TCE also potentiated CCl 4 -induced hepatocellular toxicity in vitro 16, 17) , we did not confirm the finding in vivo when we used a low concentration 12) , so that it is doubtful whether these chlorinated hydrocarbons play a similar role to that of CHCl 3 , and this study was therefore conducted to clarify the coexistence effect of CHCl 3 , TRI and TCE on the metabolic rate of CCl 4 .
CYP consists of many isozymes, and contributes to the metabolism and toxicity of many xenobiotics. One of the isozymes, the ethanol-inducible CYP2E1, plays an important role in the hepatotoxicity of CCl 4 and CHCl 3 18-20) . The finding that the interactive effects were seen only in ethanol treated rats, but not in controls at low concentrations of CCl 4 and CHCl 3 , suggests that CYP2E1 is also primarily involved in the hepatotoxic interaction.
In this study, the hepatotoxic interaction between CCl 4 and CHCl 3 as well as TRI and TCE was investigated under the condition of combined exposure to low concentrations.
Materials and Methods

Animal and diets
Male Wistar rats aged 6 weeks were purchased from Nippon SLC Co. (Shizuoka, Japan). They were housed individually in stainless steel cages in a temperaturecontrolled room (20 ± 2°C), with an alternating 12 h lightdark cycle. After being placed on a commercial solid diet (Clea CE-2, Nippon Clea, Tokyo, Japan) and water ad libitum for 2 weeks, the rats were divided into two groups and given a liquid diet: one group received a nutritionally adequate liquid diet (basal diet) prepared according to the method of Lieber et al. 21) and the other group received an ethanol-containing diet prepared by adding 2.0 g ethanol to 80 ml basal diet with the sucrose content reduced to 4.0 g 12) . These liquid diets were given daily at 16:00 for 3 weeks. 4 and CHCl 3 The rats were exposed to CCl 4 (10 and 50 ppm) and CHCl 3 (50 and 100 ppm), respectively, and a mixture of 10 ppm CCl 4 and 50 ppm CHCl 3 for 8 h (8:00-16:00) in a dynamic air-flow chamber (volume 360 l). Each of the chemicals was independently introduced into the chamber with two microfeeders (KN model, Natsume Seisakusho, Tokyo). Concentrations of CCl 4 and CHCl 3 in the chamber were monitored every 15-30 min by gas chromatography with a flame ionization detector (163 type, Hitachi, Tokyo). Only water was available for all the rats on the day of chemical exposure.
Animal exposure to CCl
Biochemical determinations
All the rats were killed by decapitation 22 h after ending exposure to the chemicals, and blood and liver samples were quickly obtained. The plasma was available for the measurement of activity of alanine aminotransferase (ALT) with Boehringer Mannheim kits. After perfusing the liver with cold 1.15% KCl via the portal vein, it was homogenized in three-fold 1.15% KCl solution with a Potter-Elvehjem homogenizer. Reduced glutathione (GSH) in the liver was determined by the method of Ellman 22) . The liver homogenate was centrifuged at 10,000 g for 10 min, followed by 105,000 g for 60 min. The washed microsomal pellet obtained was suspended in 50 mM phosphate buffer containing 10% glycerol and stored at 85°C until use. Microsomal protein and CYP were measured according to the methods of Lowry et al. 23) and Omura and Sato 24) , respectively. As an indicator of the activity of CYP2E1, N-nitrosodimethylamine Ndemethylase (NDMAD) activity was determined at a 5 mM final concentration according to the method of Anderson and Angel 25) .
Assay of CCl 4 metabolism and CCl 4 -induced lipid peroxidation
The metabolic rate of CCl 4 was assessed by measuring the rate of substrate disappearance according to the method of Sato and Nakajima 26) . The measurement was performed with 0.5 mg of microsomal protein in a reaction mixture containing 1.0 mM NADP, 20 mM glucose 6-phosphate, 50 mM magnesium chloride, 2 IU glucose 6-phosphate dehydrogenase, 0.05 mM EDTA, 50 mM TrisHCl buffer (pH 7.4) and 0.1 mM CCl 4 , CHCl 3 , and trichloroethylene (TRI) or 1,1,1-trichloroethane (TCE), in a final volume of 1.0 ml. Incubations were carried out at 37°C for 15 min and the gas-phase concentration of CCl 4 in the reaction vessel was determined by gas chromatography.
The same incubation system was used for measuring the rate of CCl 4 -induced lipid peroxidation. After a 15 min incubation, 1.0 ml of 10% trichloroacetic acid was added to the incubation mixture to stop the reaction. The concentration of lipid peroxides in the reaction mixture was measured indirectly by determining thiobarbituric acid-positive reactants according to the method of Uchiyama and Mihara 27) . The amount of thiobarbituric acid reactants was expressed in terms of the malondialdehyde (MDA) concentration with 1,1,3,3-tetraethoxypropane as a standard 28) . The inhibition of CCl 4 -induced lipid peroxidation by GSH was investigated by adding 0-0.4 mM GSH to the reaction mixture.
In order to investigate the contribution of CYP isoforms to CCl 4 -induced lipid peroxidation, immunoinhibiting analysis was done with monoclonal antibodies (MAbs), which were produced by the hybridoma technique at the U.S. National Cancer Institute Laboratory of Molecular Carcinogenesis (Bethesda, MD, USA). In the present study, three MAbs that have been shown to be specific for different CYPs were used as follows: clone 2-66-3 to PB-inducible CYP2B1, which cross-reacted with CYP2B2, clone 1-91-3 to CYP2E1 and clone 1-68-1 to CYP2C11, which cross-reacted with CYP2C6. As a control antibody, Hy-Hel to chicken lysozyme was used to determine any non-specific reaction. Monoclonal antibodies (1.0 mg of MAbs protein) were added to pooled microsomes and buffer at room temperature 30 min before starting the assay of CCl 4 -induced lipid peroxidation.
Western blot analysis
Liver microsomes (20 µg protein) from rats exposed to CCl 4 and/or CHCl 3 were separated electrophoretically on standard Laemmli 29) sodium dodecyl sulphatepolyacrylamide gel. Electrophoretic transfer to 0.45 µm nitrocellulose sheets was then carried out according to Towbin et al. 30) The sheets were immunochemically stained by the method reported elsewhere 31) . In this case, MAb clone 1-98-1, not 1-91-3, was used to detect CYP2E1.
Statistics
Statistical analysis was done by analysis of variance. When significant differences were found among groups, means were tested by Student's t-test. The 0.05 level of probability was used as the criterion of significance. A logarithmic transformation was applied to plasma ALT activity before statistical analysis.
Results
Plasma transaminase activity and liver GSH content
In non-treated rats, neither 50 ppm CCl 4 nor 100 ppm CHCl 3 influenced plasma ALT activity (data not shown). In chronic ethanol-treated rats, plasma ALT activity increased on a single exposure to 10 and 50 ppm CCl 4 and 100 ppm CHCl 3 compared with that in non-exposed rats (Table 1) . These results apparently indicate that ethanol treatment increases the hepatotoxicity of CCl 4 and CHCl 3 in agreement with an earlier report 12) . Combined exposure to 10 ppm CCl 4 and 50 ppm CHCl 3 significantly increased ALT activity compared with that of respective single exposures. The increased level of ALT activity was very similar to that on a single exposure to 50 ppm CCl 4 . These results indicate that the effect of concomitant CHCl 3 on CCl 4 -induced hepatic damage is greater than additive when the hepatic damage is evaluated by plasma ALT activity, in agreement with our previous report 12) . Single exposure to 50 and 100 ppm CHCl 3 and 10 ppm that the decrease in GSH participates in the hepatotoxic interaction between CCl 4 and CHCl 3 . All exposures except 10 ppm CCl 4 increased the ratio of liver weight to body weight (Table 1) .
Microsomal CYP content and NDMAD activity
In ethanol-treated rats, single and combined exposure to CCl 4 and CHCl 3 , except single exposure to 50 ppm CHCl 3 , significantly decreased microsomal CYP compared with that in the non-exposed group. Single exposure to 50 ppm CCl 4 also significantly decreased the content compared with that in the combined exposure to CCl 4 and CHCl 3 ( Table 2 ). Although the combined exposure to 10 ppm CCl 4 and 50 ppm CHCl 3 increased plasma ALT activity to a similar level to that of the single exposure to 50 ppm CCl 4 , the combined exposure did not decrease CYP content as much as the single exposure did.
Combined exposure to 10 ppm CCl 4 and 50 ppm CHCl 3 decreased the amount of microsomal protein in the liver of rats to almost the same level as a single exposure to 50 ppm CCl 4 rats.
The activity of NDMAD was determined as an indicator of the CYP2E1 level 32, 33) . Only a single exposure to 50 ppm CCl 4 significantly decreased NDMAD activity compared with that in non-exposure and with that in combined exposure to CCl 4 and CHCl 3 ( Table 2 ). The combined exposure to 10 ppm CCl 4 and 50 ppm CHCl 3 did not influence the activity. These results indicate that a single exposure to CCl 4 disrupts CYP2E1, but coexposure to CHCl 3 may prevent CCl 4 -induced disruption of CYP2E1.
Immunodetection of CYP2E1
The level of CYP2E1 in liver microsomes from ethanoltreated rats after exposure to CCl 4 and/or CHCl 3 was determined by immunoblot analysis (Fig. 1) . Anti-CYP2E1 detected a band in microsomes from non-exposed rats (lane 1 in Fig. 1 ). Single exposure to 10 ppm CCl 4 , 50 ppm 3 and 6 ), but the combined exposure to 10 ppm CCl 4 and 50 ppm CHCl 3 seemed to slightly decrease it (lane 4). No band was seen in rats exposed to 50 ppm CCl 4 (lane 5), despite the little difference in the level of ALT activity from with the combined exposure.
Inhibition of CCl 4 -induced lipid peroxidation by MAb
The contribution of CYP isoforms to CCl 4 -induced lipid peroxidation was investigated with MAbs in vitro. Anti-CYP2B1/2 did not influence CCl 4 -induced MDA generation in the microsomes from either ethanol-treated or non-treated rats (data not shown). In microsomes from ethanol-treated rats, anti-CYP2E1 and anti-CYP2C11/6 inhibited CCl 4 -induced MDA generation by about 50% or TCE, however, did not influence the metabolic rate of CCl 4 in either microsome, whereas TRI inhibited the rate in microsomes from non-treated rats.
The effects of four solvents, CCl 4 , CHCl 3 , TRI and TCE, on the in vitro lipid peroxidation in microsomes were investigated (Table 5) . Microsomes from ethanoltreated rats themselves caused an increase in MDA formation compared with microsomes from non-treated rats. Only CCl 4 enhanced the rate of MDA formation both in non-treated and ethanol-treated microsomes. The rate of MDA formation in microsomes from ethanoltreated rats was more than 2 times that in microsomes from non-treated rats, in agreement with the metabolic rate for CCl 4 . The coexistence of CHCl 3 did not influence CCl 4 -induced lipid peroxidation, and TRI and TCE even decreased it. These results suggest that concomitant administration of CHCl 3 , TRI and TCE does not increase CCl 4 -induced in vitro lipid peroxidation.
Effect of coexistence of GSH on CCl 4 -induced lipid peroxidation
The addition of GSH decreased CCl 4 -induced MDA generation, in a similar manner to the coexistence of CHCl 3 . The effect reached its maximum at 0.3 mM GSH in both cases (Table 6 ). These results indicate that GSH inhibits CCl 4 -induced MDA generation.
Discussion
Concomitant exposure to CHCl 3 potentiates CCl 4 hepatotoxicity [13] [14] [15] [16] , which is also supported by the present study: coexposure to 50 ppm CHCl 3 and 10 ppm CCl 4 greatly enhanced the increase in plasma ALT activity compared with that on single exposure to 10 ppm CCl 4 ; ALT activity after the combined exposure reached the same level as that after 50 ppm CCl 4 exposure. However, the finding seemed to be inconsistent with the changes in the activity of a drug-metabolizing enzyme and NDMAD. Harris et al. also reported that a hepatotoxic The values represent the mean ± SD for four rats. a Significantly different from respective non-exposed rats (p<0.05). b Significantly different from rats exposed to the mixture of 10 ppm CCl 4 and 50 ppm CHCl 3 (p<0.05). and 20%, respectively (Table 3) , but these MAbs did not influence the CCl 4 -induced MDA generation in microsomes from non-treated rats. These results suggest that the CYP2E1 contributes to CCl 4 -induced lipid peroxidation.
Effect of CHCl 3 , TRI and TCE on CCl 4 metabolism
The metabolic rate of CCl 4 in microsomes from ethanol-treated rats was about 2 times that in nontreated rats ( Table 4 interaction between CCl 4 and CHCl 3 was seen in ALT activity, but not in the hepatic GSH and CYP concentrations 15) . We previously reported that CCl 4 causes necrosis of hepatocytes in centrilobular areas, but the combined exposure to CCl 4 and CHCl 3 causes necrosis of hepatocytes surrounded with ballooned hepatocytes at a similar ALT level 12) . It is therefore doubtful whether coadministration of CHCl 3 really accentuates CCl 4 hepatotoxicity according to the function of drug metabolism or histopathological changes. That is, even if the interaction is additive in terms of plasma ALT activity, it cannot be extended to all liver cell functions.
Many studies show that CYP2E1 is primarily involved in the metabolism and hepatotoxicity of CCl 4 and CHCl 3 especially at low concentrations 18-20, 34, 35) . This isoform may also play an important role in the hepatotoxic interaction between CHCl 3 and CCl 4 . Hepatotoxic doses of CCl 4 or CHCl 3 decompose microsomal CYP 36, 37) . But when the CYP2E1 level was compared in rats at a similar stage of plasma ALT activity, i.e., between rats exposed to 50 ppm CCl 4 and rats exposed to 10 ppm CCl 4 and 50 ppm CHCl 3 , CYP2E1 completely disappeared in the former but remained in the latter. These results suggests that CHCl 3 potentiates the increase in plasma ALT activity by CCl 4 but protects CYP2E1 from the attack of CCl 4 . In addition, 100 ppm CHCl 3 decreased total CYP content, but not CYP2E1 (Fig. 1) or the activity of NDMAD (Table  2 ). This isoform may be stable and still have an active site even in hepatocytes injured by CHCl 3 . This may be supported by the finding that ligands of substrates of CYP2E1 to the heme in CYP stabilize CYP2E1 protein by preventing phosphorylation catalyzed by cAMPdependent protein kinase 38, 39) , because CHCl 3 is a substrate of CYP2E1. We also found previously that CHCl 3 treatment did not affect CYP2E1 activity measured by NDMAD, though the treatment decreased the other isoformes such as CYP2B1 35) . It is widely accepted that CCl 4 is metabolically activated by CYP mediated reactions to the trichloromethyl radical 8, 9, 40) . From the present in vitro study, coexistence of CHCl 3 , TRI and TCE did not increase the metabolic rate of CCl 4 . These results suggest that metabolic activation by coexisting CHCl 3 is not involved in the increase in plasma ALT activity.
Because GSH functions both as an antioxidant and in the conjugation of xenobiotic metabolites 41) , GSH is thought to play an important role in CCl 4 and CHCl 3 -induced hepatotoxicity [42] [43] [44] . On the other hand, there are some reports indicating that the administration of CCl 4 and CHCl 3 did not alter the hepatic GSH concentration 15, 42) . In this experiment, the addition of 0.3 mM GSH was sufficient to protect CCl 4 -induced lipid peroxidation, suggesting that a physiological concentration of GSH is enough to prevent CCl 4 -induced hepatic damage at a low dose of CCl 4 . Indeed, combined exposure to 10 ppm CCl 4 and 50 ppm CHCl 3 did not influence the in vivo liver GSH content. Based on these findings, GSH depletion may not be involved in the hepatotoxic interaction between CCl 4 and CHCl 3 at low concentration exposure.
Because industrial workers are generally exposed to low concentrations of chemicals in the working place, it is of value to clarify the mechanism of hepatotoxic interaction between CCl 4 and CHCl 3 at low concentrations. In this study, hepatotoxic interaction between CCl 4 and CHCl 3 at low dose exposure is more than additive when plasma ALT activity is used as an index of hepatotoxicity, but it is not always seen to be additive in the amount of the drugmetabolizing enzyme and GSH depletion. Simultaneous exposure to a low dose of these solvents maintained the active site of CYP2E1.
